qualitative and often anecdotal. Quantitative data concerning interlimb coordination is 91 sparse, and offered only for creeping (Adolph et al. 1998 ), hands-and-knees crawling 92 (Adolph et al. 1998; Burnside 1927; Freedland and Bertenthal 1994; Hildebrand 1967 ; 93 Patrick et al. 2009 ), and crawling on hands and feet (Patrick et al. 2009 ). However, study 94 of the different crawling styles offers a unique opportunity to elucidate which aspects of 95 coordination may be limited by the nervous system. For example, creeping, in which the 96 abdomen stays in contact with the ground, removes the exigencies of stability. 97
98
In an effort to determine the limitations for coordination in the young nervous system, the 99 current study describes quantitatively a number of uncommon forms of crawling, and 100 identifies unifying features across the locomotor strategies of human and non-human 101 infants, including: 1) the regulation of the duration of the stance phase, and 2) the 102 coordination between limbs, regardless of the way in which mobility is achieved. 103 104 Methods 105
Subjects 106 Data were obtained from a total of 36 infants recruited from New Mothers' groups of 107 local public health clinics. Two infants that crawled on hands and feet were also included 108 in our previous paper (Patrick et al. 2009 ) as this style of crawling is rare and, when 109 present, exhibited for only a short period of the child's development. All experiments 110 were performed with informed, written consent of the parent or guardian of the child in 111 accordance with the Declaration of Helsinki Guidelines on Human Experimentation, and 112 with the approval of the local ethics board. 113 114 Experimental protocol 115 INFANTS CRAWLING OVER GROUND Infants were encouraged with voice, toys, or food to 116 locomote by their method of choice across a limited area of the floor, or along a narrow 117 corridor with plexiglass walls, and videotaped. Crawling area provided was limited to 118 ensure that the resolution of the video image was adequate for determination of stance 119 and swing. Pauses, trips, and turning were omitted from analysis. First and last steps of 120 each sequence (i.e. starting or stopping) were also omitted. In general, each analyzed 121 sequence provided data for 2 -5 steps (up to 12 steps if advancement was slow, e.g. for 122 scooters and creepers). An effort was made to obtain at least 10 analyzable steps per 123 infant. 124 125 PERTURBATIONS TO CRAWLING Perturbations were administered to infants crawling on 126 hands and knees over ground or on a treadmill (Gaitway, Kistler Instruments, Amherst, 127 NY) with belt speed set at its lowest setting of 0.22 m/s. Infants crawling on the treadmill 128 wore a body harness, held by an experimenter, for safety; although we cannot guarantee 129 that none of an infant's weight was supported by the harness (it was not instrumented 130 with a force transducer), the experimenter holding the harness took great care to have the 131 infant fully support its own weight. A baton instrumented with a force transducer was 132 used to catch and briefly hold the left thigh soon after initiation of swing of the left leg 133 (estimated visually; actual timing was confirmed with video and the digitized force 134 transducer signal, and ill-timed perturbations were discarded). Successful perturbations 135 were deemed as those which acted to prolong the swing phase of the left leg by at least 136 15%, but did not cause the infant to trip, fall, or cease crawling. Only successful 137 perturbations with undisturbed cycles immediately prior and immediately following were 138 included in the analysis. 139 140
Data collection 141
All trials were videotaped at 30 frames per second (Samsung Digital-Cam SC-D353, 142
Samsung Electronics Co., Ltd.); video was captured onto computer (Adobe Premiere 6.0, 143 Adobe Systems Incorporated) and deinterlaced off-line to 60 For over ground crawling, initiation of swing was defined as the point of initiation of 176 forward movement of the limb; initiation of stance was defined as the time at which 177 forward progression ceased and the limb was in contact with the ground. For crawling on 178 the treadmill, initiation of swing was the point at which the limb stopped moving 179 backwards with the treadmill; initiation of stance was the point at which the limb was in 180 contact with the treadmill and started moving backwards with the treadmill belt. Stance 181 and swing of scooting (over ground only) were defined slightly differently: initiation of 182 stance was defined as the point when the ankle stopped moving downward to contact the 183 ground, and initiation of swing was taken as the point in time when the infant's bottom 184 stopped sliding forward and the leg began extending. For all styles of crawling, if a limb 185 was obscured from view such that stance or swing could not be determined within a span 186 of three frames, then that particular stance or swing event was omitted from analysis. One 187 crawling cycle was defined as initiation of stance to initiation of stance of the left leg (or 188 right leg if the left leg was not used by the infant). The rate of crawling was defined for 189 each cycle as the inverse of the duration of the cycle. Descriptive statistics include mean and SD, or median and interquartile (iq) range if the 207 data were not normally distributed. In general, comparative statistics employed 208 parametric tests if data sets were normally distributed and of equal variance, or non-209 parametric tests otherwise; the use of specific tests is described below. Spearman's rank 210 coefficients (ρ) were used to determine correlation between the duration of stance or 211 swing phases and cycle duration, as the data sets failed tests of normality and constant 212 variance. Paired t-tests were used to compare ρ for stance and swing across styles of 213 crawling. Slopes from linear regression for stance and swing phase duration vs. cycle 214 duration were compared using ANCOVA within each style of crawling or for all data 215 pooled. Paired t-tests were used to compare slopes for stance and swing duration across 216 styles of crawling. Pearson's product moment correlation was used to determine the 217 relationship between ipsilateral phase lag and rate of crawling (to compare with previous 218 data), while differences in ipsilateral phase lag or rate across styles were tested for using 219
Kruskal-Wallis ANOVA on ranks. Repeated measures ANOVA (Bonferroni post hoc), or 220
Kruskal-Wallis ANOVA on ranks (Tukey post hoc) were used to compare steps before, 221 during, and after perturbation; comparisons between only the steps before and after 222 perturbation employed paired t-tests. Effects of perturbation over ground vs. on the 223 treadmill were compared using t-tests or Mann-Whitney rank sum tests. Significance was 224 set at 0.05. Statistical analysis was performed using commercially available software 225 (SigmaPlot, Systat Software). 226
227

Results
228
We characterized undisturbed crawling of various styles in 22 infants (9 male, mean age 229 ± SD 10.4 ± 1.5 mo). Despite substantial differences in the posture of the limbs and 230 position of the body, the crawling styles shared a number of common features in terms of 231 characteristics of stance and swing, and in terms of interlimb coordination. To further 232 investigate the robustness of coordination between the limbs, we perturbed crawling by 233 prolonging the swing phase of the left leg in infants crawling on hands and knees over 234 ground (7 infants, 3 male, 10.1 ± 1.4 mo) or on the treadmill (10 infants (3 also crawled 235 over ground), 7 male, 9.6 ± 0.9 mo). combination of stepping and scooting using three limbs (see Fig. 1F ) Finally, one infant 251 (SNA: 11.0 mo) displayed a variation on scooting, using only one leg for propulsion but 252 entering a tripod of both hands and left foot during the propulsion phase. Infants that 253 showed combinations of styles (step-crawl mix, step-scoot (PBZ, JPR), and infant SNA) 254
were grouped together as "mixed crawlers." As two infants routinely demonstrated more 255 than one form of crawling, two sets of data are presented for both of these infants, for a 256 total of 24 sets of crawling data. 257 
Stance and swing phase durations show similar characteristics between crawling styles 285
For all styles of crawling, the duration of the stance phase varied more with cycle 286 duration than did the duration of the swing phase. Figure 3 plots the durations of the 287 stance and swing phase against cycle duration for the leg (Fig. 3A ) and the arm (Fig. 3B ) 288
for individual steps from all sequences of undisturbed over ground crawling. The wide 289 range of cycle duration was a result of variation in rate of crawling both within and 290 between infants (see Table 1 ). Data from the left limbs are plotted for all infants except 291 two, who only used one of the left limbs while crawling, and so for whom the right limbs 292 are plotted. Data for the arm are not available for scooters, as they rarely used the arms in 293 stance and swing, nor for one infant (SNA) who did not use arms for propulsion. Pooling 294 data across styles of crawling, the slope of stance phase duration was significantly 295 different from that of swing phase for both the leg (slope: stance=0.865, swing=0.134) 296 and the arm (slope: stance=0.858, swing=0.142; ANCOVA), and duration of stance 297 correlated more closely with duration of the crawling cycle than did duration of swing 298 (Spearman's rank coefficient; see legend of Fig. 3 ). These same relationships held true 299 grouping data by style of crawling: the slope for the stance phase was different from that 300 for the swing phase both within (ANCOVA) and between (paired t-test) crawling styles 301 (Table 1) , and Spearman's rank coefficients were also significantly different for stance 302 compared to swing across crawling styles (paired t-tests). Interlimb coordination showed similar restrictions across styles of crawling 307
Coordination of the four limbs can be seen from the relative timing of stance phase 308 initiation. Figure 4 presents the timing of the initiation of stance of three limbs with 309 respect to the step cycle of a reference leg for all infants. The reference leg was the left 310 leg for all infants except two, who did not use both the left arm and leg in crawling; in 311 these cases, the right leg was used as the reference. Coordination is categorized as 312 symmetrical, in which homologous limbs entered stance in alternation (Hildebrand 1966 (phase lag = 0% or 100%). All symmetrical crawling styles observed in our infants 334 maintained a coordination that is more trot-like in form than pace-like. Figure 5A  335 presents median ± iq range for each style of crawling. Data from our previous paper on 336 standard crawling is superimposed for comparison (Patrick et al. 2009; star) . 337
Coordination was restricted to a limited range closer to the trot-like end of the continuum. 338 Swing of the right arm was not significantly affected, but the subsequent stance phase 389 was prolonged. The step cycle following the perturbation was not significantly different 390 from the cycle immediately prior to the perturbation (POST). There were no differences 391 between results for over ground and treadmill (t-tests or Mann-Whitney rank sum tests). 392
The effects of the perturbation were the same when all over ground or all treadmill 393 perturbations were taken into account (not shown). 394
395
The perturbation led to a resetting of the coordination pattern. All infants used a trot-like 396 pattern prior to the perturbation. Steps following the perturbation retained alternation of 397 homologous limbs (not shown) and trot-like coordination patterns (Fig. 7C ). Only one 398 step after the perturbation (POST1) could be obtained over ground due to the limited area 399 provided for crawling. However, data were obtained for up to 8 steps following the 400 perturbation on the treadmill. The mean ipsilateral phase lag value for the second step 401 following the perturbation (POST2) is shown for treadmill crawling in In this paper, we characterized aspects of intra-and interlimb coordination in various 408 styles of free crawling in infants. We found that despite the many different ways in which 409 infants employed their limbs for progression, several features remained constant. The 410 duration of the stance phase was invariably more closely correlated to cycle duration than 411 was the duration of the swing phase for all involved limbs in all forms of crawling. 412
Phasing of homologous limbs was either alternating or, less commonly, synchronous. stepping was related to load experienced during that phase, with increased load resulting 432 in increased length of the phase duration (Musselman and Yang 2007) . In this previous 433 study, the durations of flexion and extension phases could be differentially modified by 434 differential loading. During crawling in the present study, the stance phase could occur 435 when the limb was undergoing extension (legs of creepers and standard, hands-and-feet, 436 and some mixed crawlers), or flexion (arms of creepers, legs of scooters and some mixed 437 crawlers) (see Figs. 1 and 2) . In either case, the stance phase was undergoing load, and 438 correlated better with cycle duration than did the swing phase. Thus, the concept that the 439 loaded phase varies more closely with cycle duration holds for human infants across When more than two limbs are employed, alternating use of the limbs is much more 478 common than synchronous. Thus, it is possible that quadrupedal modes of locomotion 479 place additional constraints on coordination of the limbs, forcing the limbs to alternate 480 (see below). 481 482 As noted above, in very few cases, the infants used their limbs in synchrony instead of 483 alternation. In these cases, either two homologous limbs were employed in scooting, or 484 three limbs worked together with the fourth contributing little. Occasionally, synchronous 485 use of homologous (but not ipsilateral) limbs (Bradley and Smith 1988; Davenport 1987; 486 Fayein and Viala 1976; Hughes and Prestige 1967; Jacobson and Hollyday 1982; 487 Stuurman and Van Hof 1979) or synchronous activity of all four limbs (Davenport 1987) 488 has also been reported in neonatal vertebrates. Thus, a synchronous pattern may be used 489 by both human infants and neonate animals, although a trot-like pattern is much more 490 common. In no case, however, do ipsilateral limbs as a pair work in synchrony; in other 491 words, pace-like coordinations are never seen. 492 493 A few of the infants locomoted using more than one style of crawling. In these cases, the 494 coordination pattern (trot-like or synchronous) remained the same across styles of 495 crawling, suggesting a preference of the child for one type of interlimb coordination. Hatchling leatherback turtles use synchronous coordination of the forelimbs to swim and 504 of all four limbs to crawl (Davenport 1987) . Overall, interlimb coordination patterns in 505 infants appear limited across species to mainly trot-like or less commonly synchronous, 506 with animals showing preferential use of one coordination across activities. 507 508
Deletion of limb use in crawling 509
Several infants crawled using only three limbs. This is in concordance with other human 510 infant studies that have reported three-limb locomotion (Adolph et al. 1998; Burnside 511 1927; McGraw 1941) or creeping using only two diagonal (Burnside 1927) this is also the case in human infants. Infants crawling using two, three, or four limbs 520 now offer further evidence. 521 522
Is the absence of pacing due to mechanical or neurological factors? 523
While it is physically possible for the nervous system to use ipsilateral limbs together (as 524 demonstrated by infants employing three limbs in synchrony), pace-like gaits were never 525 observed. Is this restriction of interlimb coordination a result of mechanics or the state of 526 the nervous system? Singlefoot and trot-like gaits offer greater stability than pace-like 527 patterns, and are thus commonly employed by animals with relatively shorter limbs (and 528 therefore wider stance), slower gaits, or poorer balance (Hildebrand 1976 (Hildebrand , 1989 Walker 529 1979; Williams 1981) . We previously reported that infants persisted in using a trot-like 530 gait while unloaded during hands-and-knees crawling, despite no mechanical need to 531 maintain stability (Patrick et al. 2009 ). In the current study, infants creeping on their 532 bellies also used a trot-like gait, or else used three limbs in synchrony; again, a pace-like 533 gait was never seen. Thus, stability does not appear to be the reason for the absence of a 534 pace-like coordination. Pharmacological treatment of intact animals has indicated that the 535 capabilities of the nervous system may be greater than that exhibited in normal behavior. 536 prolongation of stance being consistent with maintenance of stability. It could be argued 553 that in the current study, holding the leg interfered with the forward progression of the 554 infant, thus resulting in all of the legs stopping; however, the effect was the same on the 555 treadmill, suggesting the perturbation itself affected the neural network controlling timing 556 of the locomotor pattern. The lack of a change in gait pattern in all steps subsequent to 557 the perturbation is further evidence of a resetting. 558 559 Why do infants use different crawling styles? 560
While there may be developmental and genetic factors involved (Bottos et al. 1989; 561 Robson 1984 561 Robson , 1970 , it is also possible that these different forms of crawling are infants' 562 different solutions to a problem: how to get somewhere. Bottos (1989) suggests a number 563 of factors may be involved in the "locomotor choices" of pre-walking infants. Indeed, it 564 has been suggested that in the late 1800s and early 1900s, less conventional crawling 565 forms may have been encouraged by period gown-like dress that precluded crawling on 566 hands and knees (Burnside 1927) . Similarly, one of our infants crawled with hands and 567 knees indoors, but with hands and feet on the grass. Sloped substrates induced some 568 young (8-9 month old) infants to modify their style of crawling (Adolph et al. 1993) , and 569 more experienced crawlers to employ a number of descent strategies including sliding in 570 a seated or prone position (Adolph et al. 1997 ). Crawling infants have been noted to 571 descend stairs by crawling backwards or scooting (Berger et al. 2007) , and even three-572 month old infants can employ different solutions to trigger a sensor-driven mobile 573 the perturbation (C). Bar plots: means ±SD across infants (B, over ground: 6 infants (9 806 perturbations), treadmill: 9 infants (19 perturbations)); * indicates significant difference 807 from PRE, O indicates significant difference from POST (repeated measures ANOVA or 808
Kruskal-Wallis ANOVA on ranks). Ipsilateral phasing from individual perturbations (C), 809 no significant difference between groups (paired t-test (over ground, 9 perturbations from 810 7 infants), or repeated measures ANOVA (treadmill, POST 1: 21 perturbations from 9 811 infants, POST 2: 16 perturbations from 8 infants)) 812 813 Values for crawling rate are mean ± SD; steps were pooled for each crawling style. 815
Regression 
